. Overview of main arterial branches supplying the optic nerve head
Regulation of blood flow is also different in the various ocular compartments. As elsewhere in the body, blood flow in the eye should be under the control of the autonomic nervous system. However, as this innervation stops at the level of the lamina cribosa, the retinal circulation is not regulated by sympathetic output. Instead, retinal arteries have the ability through autoregulation to constrict or dilate in response to changes in oxygen or pH and thus maintain a constant metabolic environment despite exposure to conditions that might upset this equilibrium. The choroidal circulation, on the contrary, is under the control of the autonomic nervous system and has no intrinsic ability to adapt to these stimuli. It is able to decrease or increase blood flow in response to cervical sympathetic stimulation, but it cannot adapt to sudden changes in IOP, for example. A clinical consequence of this inability to self-regulate its flow is the uveal effusion that can be seen when opening the eye during surgery. As a consequence of these differences in vasoreactive mechanisms, the response to medical therapy also differs between these vascular beds. Phosphodiesterase inhibitors, for example, clearly enhance choroidal flow by increasing nitric oxide concentration, whereas the retinal circulation does not significantly change in response to this drug . ONH circulation has particularities that make its study particularly challenging. Like its retinal counterparts, the ONH capillaries lack pre-capillary sphincters; they have pericytes instead. As in the retinal circulation, these pericytes respond to metabolic and neuroendocrine factors that regulate their contractility. However, while there is no consistent evidence of autonomic nervous system directly regulating ONH blood flow, the lack of a cellular barrier separating the ONH from the choroid tissues could make the ONH susceptible to autonomic stimulations. As both are supplied by the same vessels, imbalances in the choroidal blood flow could redirect blood flow away from the ONH. The venous drainage of the entire retina and ONH takes place through the central retina vein. Although not directly involved in aqueous humour drainage, the central vein has been studied for glaucoma progression purposes. Indeed, there seems to be a relationship between spontaneous venous pulsations and glaucoma progression, suggesting the lack of spontaneous pulsations as a risk factor for progression visual field damage (Balaratnasingam C., 2007) (Nicolela, 2007) . The aqueous humour, however, is drained from Schlemm's canal through the episcleral veins. Therefore, an increase in venous pressure leads to a decrease in drainage due to passive diffusion. Altered vein reactivity or systemically increased vein pressure can lead to an increase in IOP. Increased episcleral venous pressure in glaucoma patients may be one mechanism behind the nocturnal rise in IOP many of these patients present (Liu JH., 1999) .
Tools to study ocular blood flow
There are an increasing number of tools that can provide insight into different aspects of ocular blood flow (OBF) in various vascular beds in and around the eye. A full description of all the techniques is beyond the scope of this book, and thus, we will focus on succinctly describing the most commonly used methods. Colour Doppler imaging (CDI) is a non-invasive ultrasound-based technology that uses the Doppler effect to measure blood velocities. This technique can provide information on the ophthalmic artery, short posterior ciliary arteries (divided into temporal and nasal groups) and the central retinal artery (figure 1). It describes peak systolic velocities (PSV), enddiastolic velocities (EDV), resistance index (RI) (Pourcelot, 1975) and, in some devices, the mean flow velocities (MFV) and the pulsatility index (PI) (Gosling, 1971) . These two indices can be calculated using the following formulas: RI = (PSV-EDV)/PSV and PI = (PSV-EDV)/MFV. CDI is not dependent on optical transparency or pupil size. The downside of this technology, however, is that it provides only blood velocities. To calculate blood flow from these velocities, the vessel diameter would have to be known. However, the diameter of the retrobulbar vessels cannot be measured with high precision with this technique, making blood flow calculations uncertain . As with any ultrasound-based technique, it is highly observer-dependent, and good reproducibility requires an experienced technician. A consensus is needed to define standard operating procedures, thus reducing such bias, so that valid comparisons can be made between the results from different centers.
Fig. 1. CDI data printout (left); CDI device (right)
Laser Doppler flowmetry (LDF) utilises a fundus camera and non-invasive confocal laser flowmetry using the Doppler effect to measure retinal capillary blood flow. This confocal system provides individual data points from each analysed vessel, allowing the information to be interpreted on a pixel-to-pixel level by several different types of automated software, all of which have a very good coefficient of reproducibility (figure 2). Although this technique provides volumetric measurements, it does so in arbitrary units, which is the major drawback of this technology. As with any fundoscopic-based evaluation, it is dependent on clear optical media, pupil size and the fixation capability of the patient. Doppler optical coherence tomography (OCT) is another device that uses the Doppler frequency shift. Recent technological advances have allowed this technology to be added to Fourierdomain OCT, making it possible to determine the velocity of the blood inside the major retinal vessels and the cross-sectional diameter of these vessels throughout the cardiac cycle. This allows for a volumetric assessment of the flow rate while taking into account background motion, beam incidence angle and pulsation (figure 3). However, this device is still under further development and has currently a limited clinical application. The retinal vessel analyser (RVA) also relies on a fundus camera and uses vessel diameter analysis software. It allows for real-time retinal vessel diameter measurements with a maximum frequency of 50 Hz (figure 4). Although it provides measurements in arbitrary units, an approximation can be made to microns. The main advantage of this technique is the real-time acquisition, which allows for the simultaneous investigation of different vessels and vascular segments. In contrast to CDI, this technology can measure vessel diameter but not the velocity of the blood within the vessel. It is again influenced by optical media transparency and requires pupil dilation, which may affect blood flow itself. Retinal oximetry is a non-invasive method for assessing the haemoglobin oxygen saturation in the retinal vessels. It relies on digital fundus photography coupled with a beam splitter and a filter that discriminates different bandwidths. Using both an oxygen-sensitive and an oxygen-insensitive bandwidth, it can determine the oxygen saturation of the retinal vessels in comparison to the retinal background (figure 5). It is used to study in vivo the metabolic needs of the retina and its ability to react to stimuli, either pharmacological or physiological. Its drawbacks are related to the lack of information about the oxygenation of the optic nerve itself, as only retinal vessels are analysed, and the need for pupil dilation and clear optic media. Dynamic contour tonometry (DCT) represents a device for non-invasive continuous measurement of IOP. Contrary to applanation tonometers, its concave contact surface allows for the equal distribution of forces between the device and the cornea as the pressure applied by the observer equals the pressure inside the eye. Because it allows for a continuous reading, a sinusoidal variation can be registered (figure 6). The difference between the highest and the lowest IOP is called the ocular pulse amplitude (OPA) (figure 3). This parameter probably relates to the blood volume that is pumped into the eye during each cardiac cycle, and it may represent choroidal blood flow or the pulsatile component itself. It has an acceptable intra-and inter-observer variability. Factors modulating this amplitude are not fully understood. It is not dependent on corneal thickness, but it positively correlates with IOP and negatively with axial length. An algorithm that transforms this pressure amplitude into blood flow is not yet available. The pulsatile ocular blood flow (POBF) analyser is a modified pneumotonometer that also measures ocular pulse. As with DCT, this device also allows for digital recording of the sinusoidal intra-ocular pressure curve throughout the cardiac cycle (figure 7). However, this device actually indents the cornea instead of adapting to its surface. Its similarities to DCT are reflected in its limitations. While changes in POBF measures are assumed to be related to choroidal blood flow, due to its greater significance to the overall OBF, this cannot be directly tested. Structurally, POBF also negatively correlates with axial length while still being more sensitive to changes in cornea thickness than DCT. It is nevertheless an inexpensive and simple to operate device that can produce data related to blood flow, such as changes in ocular pulse volume, duration of systole and diastole and the maximum speed of blood flowing into the eye (in μl/s). 
Altered blood flow as a risk factor for glaucoma (progression)
There are a growing number of publications showing blood flow disturbances in glaucoma patients that emphasise the role for a vascular component in glaucoma pathogenesis. However, the nature of these disturbances in OBF is still under discussion, including weather such changes are part of the pathogenic mechanism or secondary to the underlying disease. When considering ocular diseases in which vascular mechanisms are involved, such as diabetic retinopathy or occlusion of the central retinal artery or vein, none of these diseases produce a characteristic glaucomatous cupping of the disc (Jonas, 1993) (Jonas, 1999) . Therefore, hypoperfusion, as seen in those diseases, does not provide a full explanation for glaucomatous neuropathy. Should hypoperfusion alone represent the vascular risk factor for glaucoma (progression), one would expect a stronger relationship between glaucoma and known risk factors for atherosclerosis, such as C-reactive protein or dyslipidaemias. However, data on these variables is far from consistently pointing them out as risk factors for glaucoma (de Voogd, 2006) . Alternatively, or in addition to hypoperfusion, there may be a vascular dysfunction that compromises the normal selfregulating mechanisms of the vessels supplying ONH in response to hypoperfusion (Sossi, 1983) . Interestingly, the ONH, due to its unique anatomical condition, is exposed to circulating hormones in a way that the rest of the central nervous system is not. Not only is the barrier function decreased in the capillaries in this region (Grieshaber, 2007) , but there is also diffusion from the choroid, where these mechanisms do not exist (Flage, 1977) .
Vasoconstrictive agents, such as angiotensin II and endothelin, could therefore have a greater impact in this region than elsewhere in the nervous system. Available data suggest that glaucoma patients may have an endothelial dysfunction with increased levels of endothelin and vasodilation impairment, thus increasing the risk for ONH injury. Such dysfunction, as suggested by Flammer, would not lead to a stable reduction in OBF but rather to an instability of ocular perfusion, leading to a repeated mild reperfusion injury (Flammer, 2006) . This mechanism of ischaemia-reperfusion injury is associated with the generation of reactive oxygen species and cellular apoptosis. These reactive oxygen species induce changes in the trabecular meshwork, possibly resulting in decreased aqueous humour drainage and increased IOP (Saccà, 2007) . Additionally, they alter nitric oxide metabolism. Indeed, mitochondrial malfunction due to hypoxia can lead to increased superoxide formation, a metabolite with high affinity for nitric oxide, in a reaction that creates peroxynitrite (Beckman, 1990 ). This process not only reduces nitric oxide availability but also the ability of this molecule to induce endothelial-dependent dilation (Aslan, 2007) . The resulting increase in vasoconstriction and oxidative stress can lead to an activation of several apoptotic pathways through cellular dysfunction (Kim, 1999) . It has been suggested that this oxidative stress could also occur as a result of elevated intra-ocular pressure in what seems to be an IOP-related mechanical stress event (Sacca, 2005) . In humans, the role of this cellular hypoxia in glaucoma is further supported by increased staining of hypoxia-induced factor (HIF-1α) in the retina and optic nerve of patients with glaucoma compared with non-glaucomatous individuals (Tezel, 2004) . This endothelial dysfunction believed to exist in glaucoma can also have an impact on rheological factors. In addition to perfusion pressure and local vascular resistance, blood viscosity can also reduce OBF (Flammer, 2002) . Glaucoma patients have been described as having decreased erythrocyte deformability (Ates, 1998) , hyperaggregability of the erythrocytes (Hamard, 1994) and altered red blood cell membrane integrity (Carter, 1990) . In addition, the presence of an activated coagulation cascade and an increase in platelet aggregability (Hoyng, 1992) (Bojic, 1998) have been reported in glaucoma patients. It is also possible, however, that these rheological abnormalities are a consequence of the vascular changes. The endothelial cells not only release vasoactive factors abluminally, which influence vascular smooth muscle cells and pericytes, but they also release factors intraluminally that influence blood cells. For instance, nitric oxide, whose impairment in glaucoma patients has been widely described (see above), is a powerful inhibitor of platelet aggregation (Hampton, 1967 ) (Zhou, 2010) . This impaired self-regulation capacity of the vessels supplying the ONH may be clinically relevant. Recent studies have shown that fluctuations in perfusion pressure are particularly important in glaucoma progression, especially in patients with normotensional glaucoma (Sung, 2009 ). Glaucoma patients not only have a higher IOP, but they also show circadian vascular rhythms that can tip the balance of perfusion pressure to pathogenic levels. These abnormal circadian cardiovascular responses may be due to an underlying dysautonomic disturbance, as it is the autonomic nervous system's responsibility to regulate these daily rhythms (Appenzeller, 1997) . Glaucoma patients seem to have a number of signs of autonomic dysfunction, from dysregulation of aqueous humour production and drainage (Curtis, 2002) to abnormal heart rate and blood pressure variability, both of which are associated with increased cardiovascular risk. This blood pressure variability is particularly prominent in patients with normotensional glaucoma, and a correlation between the extent of autonomic nervous system dysfunction and the severity of the disease has been suggested (Gherghel, 2004) . Blood pressure itself has been positively correlated with IOP, with a calculated average increase of 0.21 mmHg in IOP for every 10 mmHg increase in blood pressure (Klein, 2005) . However, the literature is not conclusive on the impact that arterial hypertension may have on glaucoma. While there are studies showing a correlation between higher blood pressure and a higher prevalence of glaucoma (Tielsch, 1995) (Mitchell, 2004 ), this has not been the case in the Barbados Study, in which baseline hypertension actually decreased the risk for primary open-angle glaucoma (Leske, 2002) . More consistently, a lower ocular perfusion pressure (perfusion pressure = blood pressure-IOP), in particular a lower diastolic OPP, has been associated with a significant increase in the risk for glaucoma (Leske, 2002) (Hulsman CA., 2007) . Because measuring the local arterial pressure in the eye is not currently feasible, epidemiologic and other studies calculate ocular perfusion pressure from the brachial artery blood pressure and IOP. In the Baltimore Eye Survey (Tielsch, 1995) , a perfusion pressure above 50 mmHg was a predictor for a low risk of optic nerve atrophy. This risk roughly doubled if the perfusion pressure was between 30 and 49 mmHg, and it increased more than 6-fold if the perfusion pressure fell below 30 mmHg. As both IOP and blood pressure show circadian variations, this ocular perfusion pressure can fluctuate during a 24-hour period (Bagga, 2009 ) (Millar-Craig, 1978 . The night-time period, when there is an increase in IOP perfusion of the optic nerve head, may be a particularly vulnerable time for decreases in blood pressure. While the vast majority of the overall population shows a physiological decrease in blood pressure of less than 10%, there are a number of patients who have a decrease of over 20%. These patients are known as big dippers and are considered to be at a higher risk of developing cardiac ischaemia and silent brain damage (Pierdomenico, 1998) . These patients may also have an increased risk for glaucoma due to ocular hypoperfusion and ischaemia-reperfusion damage. Interestingly, deeper glaucomatous visual field defects are associated with a decreased arteriovenous difference in retinal oxygen saturation, possibly indicating decreased oxygen delivery to the retina. These data suggest a change in oxygen metabolism in the glaucomatous retina, possibly related to tissue atrophy (Olafsdottir, 2010) . Whether these changes are causes or effects of damage to the retinal ganglion cells is still under debate. IOP is not likely a clinically relevant factor in oxygen saturation, as large decreases in IOP, such as after trabeculectomy, have almost no effect on retinal vessel oxygen saturation . A number of studies have shown that this vascular dysfunction and impairment in normal blood flow associated with glaucoma is not restricted to the eye. Indeed, there are also indications of slower flow in peripheral capillary beds (Gasser, 1991) and signs of microvascular encephalopathy, such as white matter lesions (Stroman, 1995) . This association between ocular circulation and systemic cardiovascular disease has been extensively studied, with changes in retinal vessel diameters having been shown to predict risk for coronary heart disease, stroke and stroke mortality (Wong, 2001 ) (Wong, 2002) . Pooled data from the Beaver Dam Eye Study and the Blue Mountains Eye Study also show that smaller arterial diameters and larger retinal venous diameters are associated with increased risk for stroke mortality (Wang, 2007) . As glaucoma patients also have similar disturbances in retinal arterial diameter (Jonas, 1989) , there is clear reasoning for associating glaucoma with cardiovascular dysfunction.
One of the most striking disturbances of clinical importance happening in the ocular vessels is the splinter optic disk haemorrhage, a clinical feature that has been associated with glaucoma progression. These haemorrhages more frequently occur in patients with normotensional glaucoma and are strongly associated with altered circulation within the optic disc (Drance, 1977) (Bengtsson, 1990) . Some authors have suggested that these splinter haemorrhages represent distressed small venules (Soares, 2004) , as these thinner veins may reflect earlier lamina cribosa changes than their thicker arterial counterparts (Jonas, 2003) . Data have indicated that an increased central vein pressure is associated with progressing glaucomatous damage (Balaratnasingam C., 2007) , predicts optic disc excavation (Morgan, 2009 ) and is correlated with visual field defects (Morgan, 2005) . This association between glaucoma and increased venous pressure and decreased pulse can help explain why glaucoma is a risk factor for central vein occlusion.
The changes in OBF are not restricted to the retinal vessels, as changes of clinical significance have also been found in the retrobulbar circulation. A number of CDI studies have found reduced peak systolic and diastolic velocities and increased resistivity indices in the retrobulbar vessels of glaucoma patients compared with healthy normal controls (Galassi, 1992) , ) (Harris A, 1994 ) (Michelson, 1995) (Kaiser, 1997) . Interestingly, patients that progress seem to have a more important alteration in blood flow, namely, reduced PSV and EDV in short posterior ciliary arteries . Moreover, a prospective study showed that within individuals, the eye with the more pronounced blood flow impairment also showed a faster progression (Drance, 1995) . By helping determine patterns associated with a worst disease prognosis, CDI studies may be important in identifying glaucoma patients that are at greater risk for progression. Other fundoscopic imaging techniques, such as fluorescein angiography, also provide data that are consistent with the CDI data. In normotensional glaucoma patients, for example, filling defects were correlated with lower EDV and increased RI of the short posterior ciliary arteries and with lower blood flow velocities of the central retinal arteries (Plange, 2003) .
Other imaging techniques have also been consistent in documenting these OBF disturbances in normotensional glaucoma patients. Laser Doppler flowmetry showed a decrease in retinal and optic nerve flow in glaucoma patients (Kerr, 1997) (Grunwald, 1998) . Furthermore, measurements of pulsatile OBF showed it to be significantly lower in normotensional glaucoma eyes with or without field-loss than in normal subjects (Fontana, 1998) . OPA, the alternative to study the pulsatile component of OBF, is reduced in both primary open angle and normotensional glaucoma patients (Schwenn O., 2002) . Moreover, lower OPA values are associated with more advanced visual fields defects (Vulsteke C., 2008) . OPA is positively correlated with IOP and negatively correlated with axial length. Its relationship with other blood flow-related parameters is still under discussion. In an initial study, blood pressure was found to be correlated with OPA (Pourjavan, 2007) . Subsequent studies could not confirm an impact of blood pressure on OPA (Grieshaber MC., 2009 ) and found no correlation with the blood pressure amplitude itself (Choi J., 2010) . However, there have been case reports of OPA being increased in patients with aortic insufficiency (McKee HD., 2004) and decreased in patients with carotid stenosis (Perkins, 1985) . Further reports about increases in OPA after correcting upstream arterial stenosis (Kaufmann C., 2002) give support to the intuitive notion that blood pressure might yet be important. Of note, the studies that have ruled out a relationship between blood pressure and OPA were either performed in young healthy volunteers (Grieshaber MC., 2009) or in glaucoma patients with normal arterial blood pressure (Choi J., 2010) .
Recently, it has been proposed that OPA can be related to blood pressure amplitude, specifically in glaucoma patients with arterial hypertension (Pinto, 2010) . As mentioned above, choroidal blood flow may be capable of autoregulation (Schmidt KG., 1998) . However, such mechanisms may be insufficient to maintain normal blood flow at both high and low extremes. This may result in the transmission of an abnormally high arterial pulse pressure to the choroidal vascular bed, leading to an increased OPA. Furthermore, as the choroid is supplied by the short posterior ciliary arteries, one could expect OPA to reflect changes in those arteries. A CDI study has shown a positive correlation between OPA and the RI in the short posterior ciliary arteries (and ophthalmic and central retinal arteries) in non-glaucomatous subjects. However, no correlation could be found in patients with primary open-angle or normotensional glaucoma, again suggesting a vascular dysregulation in glaucoma patients (Stalmans I., 2009 ). However, the mechanisms involved in such dysregulation in glaucoma are not yet completely understood.
Although the totality of these observations provides a strong indication for blood flow disturbances to be related to glaucoma, many uncertainties remain. One of the questions that remain to be answered is whether the decreased blood flow is actually involved in the aetiology of glaucoma or whether it is secondary to a loss of retinal ganglion cells and a decrease in the corresponding metabolic demand for oxygen and nutrients. There are indications that the reduction in OBF precedes the glaucomatous damage ) (Kaiser, 1997) , which contradicts the objection that the observed OBF impairment might be solely secondary to tissue atrophy. The extent of the damage induced by OBF alone is difficult to determine. OBF changes per se might lead to glaucoma damage, but they could also synergistically act with other risk factors. For example, OBF disturbances might act as a sensitiser to IOP, making it possible for normal-range values of IOP to produce damage. Finally, while these vascular disturbances exist and are associated with (particularly progressive) glaucoma, there is still very little evidence that improving blood flow in glaucoma patients might change the course of their disease.
Clinical approach
When assessing possible vascular issues in glaucoma patients, it may be useful to consider the following two aspects: 1. systemic conditions that are associated with an overall vascular dysfunction and 2. external influences from lifestyle, diet or current medication that may negatively affect the patient's OBF.
A sick eye in a sick body
As referred to by Flammer, glaucoma may well be an ocular disease that is part of a wider systemic condition (Pache, 2006) . As such, the ophthalmologist may inquire for signs of vascular dysfunction that have been associated with glaucoma, namely, peripheral vasospasm, Raynaud phenomenon and migraine. Other cardiovascular conditions, like blood pressure fluctuations, irregular heart rate and vascular resistance or obstruction, might influence OBF and are thus worth attention. Blood pressure, for instance, has been extensively studied with regard to its impact on glaucoma. Changes in ocular perfusion pressure are well established as a risk factor for glaucoma progression (see above). On the one hand, high values of blood pressure can be deleterious to the retina and optic nerve (Caprioli, 2010) . As it can be associated with an increase in overall mortality, blood pressure should remain below the 140/90 threshold or below 125/75 in a diabetic patient with microproteinuria (Chobanian, 2003) . On the other hand, blood pressure values are subject to change during the 24-hour period. The combination of the otherwise physiological decrease in blood pressure during the night and the otherwise normal nocturnal increase in IOP can lead to a severe decrease in ocular perfusion pressure (Leske, 2002) . The magnitude of this blood pressure nocturnal dip in glaucoma patients correlates with visual field progression, as greater nocturnal dips were associated with progressive visual field defects (Graham, 1999) . Idiopathic blood pressure dippers exist, especially in patients with signs of autonomic dysfunction. Importantly, iatrogenic-induced blood pressure dipping due to over-medication for arterial hypertension should also be kept in mind as a possible cause of unexplained visual field progression despite good IOP control. Additionally, the quality of sleep can alter an individual's blood pressure dip status (Sei, 1999) . Obstructive sleep apnoea syndrome, characterised by snoring, excessive daytime sleepiness, and insomnia, has been proposed as a glaucoma risk factor (Walsh, 1982) . The incidence of glaucoma in patients with sleep apnoea syndrome has been described to range from 7.2 to up to 50% (Mojon, 1999) (Onen SH, 2000) , with the latter figure likely corresponding to normotensional glaucoma patients (Mojon, 2002) . Obstructive sleep apnea syndrome, which is due to intermittent collapse of the upper airway, leads to insufficient tissue oxygenation. Concomitantly, the produced negative intra-thoracic pressure leads to reflex activation of the adrenergic system with increased peripheral resistance (Gherghel, 2004) . These combined actions may aggravate an underlying endothelial dysfunction and impair autoregulation by the vessels supplying blood to the eye (Dean, 1993) . Data connecting sleep apnoea with glaucoma, especially normotensional glaucoma, is mounting, with authors claiming a correlation between sleep apnoea and a decrease in the retinal nerve fibre layer (Kargi, 2005) and with an increase in both perimetric mean defect and resistance index of the central retinal artery (Karakucuk, 2008) . Blood pressure dipping has been addressed in some patients by prescribing fludrocortisone (Gugleta, 1999) or salt tablets (Pechère-Betschi, 1998) as intra-vascular volume expanders. Fludrocortisone treatment in glaucoma patients may not only slightly increase blood pressure and reduce nocturnal dips but also improve the regulation of blood flow indirectly (Gugleta, 1999) . Patients with sleep apnoea should be counselled towards weight loss and avoidance of alcohol and sedatives. Mechanical measures, including continuous or bilevel positive airway pressure devices, may also be used. One of the clinical signs for the vascular impact of glaucoma is the presence of vasospasm. Not to be mistaken for Raynaud syndrome, patients with symptoms of cold hands, sometimes cold feet and a tendency towards low blood pressure should be investigated as whether they have primary vasodysregulation syndrome (Flammer, 2001) . The vasospastic prototype patient has a low body mass index, is frequently intellectual and is a (premenopausal) female (Prunte-Glowazki, 1991) (Harada, 1991) (Flammer, 2006) . They have different sensitivities to medications, such as beta blockers or calcium channel blockers. In such patients, the desired pharmacological effect may be achieved by a lower dosage of such drugs (Flammer, 2001) . Patients presenting with this inborn dysfunction of vascular endothelium have inappropriate constriction or insufficient dilatation in the microcirculation (Flammer, 1996) . This leads to ischaemia-reperfusion damage (see above) in what seems to be an endothelin-related phenomenon . Being a systemic condition, these patients are prone to ischaemia in other organs, not just the eye. The heart or the inner ear, for example, are likely to show signs of vascular dysfunction-related events, such as silent www.intechopen.com cardiac ischaemia (Waldmann, 1996) and benign positional vertigo (Ishiyama, 2000) , respectively. Diagnostic procedures have been developed, including nailfold capillaromicroscopy combined with a cold provocation test (Gasser, 1990) or measuring serum endothelin-1 (Miyauchi, 1999) . The syndrome is mostly harmless. However, if the patient has symptoms or if the optic nerve head turns pale or even starts to excavate, a clinical evaluation is warranted (Flammer, 2001) . Treatment for vasospasticity in glaucoma patients has tried to establish a safe way to prevent or reverse endothelin-induced vasoconstriction. Antivasospastic treatment with calcium channel blockers in glaucoma patients seems to be helpful, although its usefulness has not yet been firmly established (Yamamoto, 1998) (Tomita, 1999) . Short-term studies indicate that calcium channel blockers diminish the effect of increased levels of endothelin-1 on ocular perfusion (Strenn, 1998) and improve visual field defects (Gasser, 1990 ) (Gaspar, 1994) . The same effect can be achieved by CO 2 inhalation, suggesting that the visual function improvements are in fact due to vasodilation (Niwa, 2000) . The blood-brain barrier prevents exposure of the brain to endothelin. Accordingly, brainlocated vascular spasms are only slightly correlated with primary vasodysregulation. Nevertheless, migraine is also associated with vascular reactivity. This disease has been consistently pointed out as a risk factor for glaucoma. This evidence is mostly confined to normotensional glaucoma patients because cross-sectional population-based prevalence studies have generally found no significant association between migraine and glaucoma. Nevertheless, migraine was identified as an independent risk factor for progression in the Collaborative Normal-Tension Glaucoma Study (Drance, 2001) . Migraine treatment is not only related to pain control but also to the use of vasoactive substances. Prophylaxis of migraine attacks can be achieved by the administration of beta-blockers, which act via a mechanism thought to down regulate the serotonergic and beta-receptor activity involved in initiating the attacks (Evers, 2006) . Acute migraine treatment, however, involves drugs with powerful vasoconstrictive activity, such as ergot derivates and triptans (Silberstein, 2000) . Although they produce preferential vasoconstriction of intracranial extracerebral blood vessels due to serotonin receptor binding activity, some have important peripheral activity and are formally contraindicated in patients with Raynaud phenomenon, for instance (Tfelt-Hansen P, 2000) . Although there is not enough evidence to draw conclusions on its impact on ONH blood flow, the fact that serotonergic activity may play a significant role in modulating OBF should raise awareness of a possible hypoperfusion of the ONH. Age is a known risk factor for developing glaucoma. As such, it has also been studied whether age has an impact on OBF. In healthy individuals, CDI showed a decrease in blood flow parameters in both the ophthalmic and central retinal arteries correlating with increasing age (Williamson, 1995) (Lam, 2003) . The resistance index of the vessels seems to increase with age, as a possible sign of increased arterial stiffness (Groh, 1996) . Different devices have also identified choroidal and optic nerve head blood flow decreases (Ravalico, 1996) (Boehm, 2005) . These changes do not seem to stem from a decreased metabolic demand by retina neural cells, as there seems to be no significant correlation between perfusion parameters as measured by scanning laser Doppler flowmetry and retinal nerve fibre layer thickness (Kuba, 2001) . However, gender may play a role in age-related changes in OBF, as short posterior ciliary arteries in males is less affected than that in females, with significant differences at EDV and RI levels . The Collaborative Normal-Tension Glaucoma trial showed that women were at risk of increased progression (odds ratio: 1.85) after correction for age and IOP (Drance, 2001) . Age-related changes are of particular importance in women, where menopause-induced changes in oestrogen levels induce a number of changes at the cardiovascular level, such as increasing blood pressure and heart rate. At the ocular level, there seems to be an increase in IOP in post-menopausal women but no significant changes in OBF (Siesky, 2000) . Finally, concerns over the optic nerve's OBF must also take into account what can happen upstream of the ophthalmic artery, namely, in the blood flow passing through the carotid artery. Even in unilateral carotid stenosis, there have been reports of bilateral decrease in OBF. Such changes would rely on a patent circle of Willis that would balance blood flow between the two carotid arteries, resulting in a reduced OBF in both eyes (Quaranta, 1997) .
In patients presenting with unilateral stenosis above 70%, endarterectomy improved PSV in all retrobulbar vessels of the operated side and the PSV in ophthalmic artery and short posterior ciliary arteries of the fellow eye. The perimetric median defect also bilaterally improved, thus supporting the above hypothesis of OBF in one eye influencing the fellow eye (Kozobolis, 2007) .
Systemic medications and other measures
The ophthalmologist should be aware of the complete medical history and treatment of his glaucoma patients, as many systemic medications may have an impact on OBF. Systemic modulators of the cardiovascular responses, such as patient lifestyle or dietary habits, should also be considered. Anti-hypertensive medications are particularly important because they can change perfusion pressure directly. Calcium channel blockers are one of the most well-studied groups of anti-hypertensive medications. Because they prevent smooth muscle contraction, they are vasodilators that reduce peripheral resistance (Braunwald, 1982) . They have been used in glaucoma patients with primary vasodysregulation, where they have shown improvement not only in OBF but also in visual field indices (Flammer, 1987) . The widespread use of calcium channel blockers has been controversial because of the severe nocturnal hypotension they can induce. Such a hypotensive profile can have severe implications on ocular perfusion pressure. However, the impact on OBF does not seem to be a class effect. Generally speaking, centrally acting calcium channel blockers, such as nimodipine, appear to increase OBF, whereas peripheral agents, such as nifedipine, do not (Lesk, 2008) . Magnesium, known as ''nature's physiological calcium blocker'' (Iseri, 1984) , has also been studied regarding its impact on OBF. A small, non-randomised study has shown a statistically significant improvement in peripheral blood flow and a tendency to improve visual field scores in glaucoma patients (Gaspar, 1995) . Other hypotensive medications, such as angiotensin-converting enzyme inhibitors or angiotensin receptor antagonists, have also been studied. Both trandolapril, (an angiotensin-converting enzyme inhibitor) (Steigerwalt, 1998) , and losartan, (an angiotensin receptor antagonist) (Matulla, 1997) , slightly improved OBF in healthy individuals. Anti-platelet medications and statins are among the most widely prescribed cardiovascular d r u g s . A s b o t h o f t h e m h a v e p o s i t i v e i m p a c t s o n i s c h a e m i a -r e p e r f u s i o n d a m a g e a n d oxidative stress, researchers have tried to determine their impact, if any, on OBF and glaucoma. Dypiradamole, a known anti-platelet drug, acts by increasing the levels of adenosine and cyclic adenosine monophosphate. Both metabolites have vasoactive properties that increase coronary vasodilation (Alonso, 1967) . In glaucoma patients and anterior ischemic optic neuropathy patients, dypiridamole induced increases in PSV and EDV in the retrobulbar vessels (Kaiser, 1996) . Other more common anti-platelet drugs, such as aspirin, may also have a role in glaucoma. Aspirin may stabilise OBF by decreasing platelet aggregation (Bell, 2004) . It may have a neuroprotective role in glutamate-related apoptosis (Ritch, 2000) and may improve the efficiency of prostaglandin analogues in IOP lowering by up-regulating prostaglandin F receptors (Hardy, 1998) . No studies, however, have proven these hypothesis. Statins, in contrast, have been the focus of many researchers in OBF. They are the mainstay treatment for hypercholesterolaemia, but thanks to their pleiotropic properties, their vasoactive effects extend beyond their cholesterol-lowering ability. They reduce the incidence of cerebrovascular and cardiovascular events, independently of a patient's blood cholesterol level at baseline (Everett, 2010) (Stroke Prevention by Aggressive Reduction in Cholesterol Levels (SPARCL), 2006). Statins upregulate endothelial nitric oxide synthase and possess antioxidant properties that may ameliorate ischemic oxidative stresses in the brain (Vaughan, 1999) (Cimino, 2007) . This vascular endothelial protective effect may have an effect in OBF because statins have been shown to increase the retinal vasculature calibre (Nagaoka, 2006) . One may postulate that this dilatation may affect the ONH vasculature as well.
Although no study has yet tested for ONH blood flow improvements, a prospective study showed that simvastatin use may be associated with visual field defect stabilisation in patients with normotensional glaucoma (Leung, 2010) . While much controversy exists over the cardiovascular benefits for hormone-replacement therapy, it does not seem to significantly change ONH blood flow. While apparently reducing vascular resistance distal to the ophthalmic artery to levels matching those of younger women, oestrogen replacement has little impact on flow velocities in the short posterior ciliary arteries (Harris-Yitzhak, 2000) . While oestrogen alone may not significantly change the risk of developing glaucoma, oestrogen-progestin hormone replacement therapy may be associated with a reduced risk of primary open-angle glaucoma . Everyday life activities, food habits and other systemic medications may also affect OBF. Coffee, for example, has been studied regarding its impact on glaucoma and ocular circulation. Caffeine is a xanthine with known cardiovascular effects, such as increasing heart rate and increasing peripheral resistance by vasoconstriction (Bunker, 1979) . A placebo-controlled trial in healthy individuals showed that the resistance index of ophthalmic; short posterior ciliary arteries and central retinal arteries were significantly increased after coffee ingestion (Ozkan, 2008) . Despite its concomitant ability to mildly increasing IOP, a prospective study did not find an increased risk for primary open-angle glaucoma in average coffee drinkers (people consuming more than 5 cups a day had a small risk increase) (Kang, 2008) . Alcohol, however, is associated with a mild IOP-lowering property while having known neurotoxicity. Its impact on glaucoma is not completely understood, but a link between alcohol consumption and glaucoma has not been found . Other dietary habits have also been studied in glaucoma. Diets favouring omega-3 fatty acids, such as soy oils, instead of omega-6 fatty acids, such as corn or sunflower oils, have been associated with an increased risk for glaucoma (Kang, 2004) . Considering its OBF-related effects, fish oil (rich in omega-6) improves circulation in patients with Raynaud's phenomenon (DiGiacomo, 1989) by inhibiting the endothelin-1 effect (Nitta, 1998) . A number of dietary anti-oxidative agents, such as ginkgo biloba (Ritch, 2000) , might also improve OBF. A single, small study in normotensional glaucoma patients has suggested an improvement in visual field damage while on ginkgo (Quaranta, 2003) . Vitamin E supplements, despite improving vasospastic angina by decreasing oxidative stress, have a still unknown impact on glaucoma (Motoyama, 1998) . Nevertheless, the enthusiasm over such therapies must be balanced with the risks of overconsumption because high dosages are known to increase all-cause mortality (Miller, 2005) . Another lifestyle activity is cigarette smoking. A meta-analysis has shown a significant increase in the risk of developing glaucoma in smokers (Bonovas, 2004) . Smokers show a markedly reduced ability of retinal vessels and the choroid to adapt to stimuli, such as light exposure or a carbogen breathing environment, when compared with a non-smoker population (Havelius, 2005) (Wimpissinger, 2004) . Physical fitness and cardiovascular health status probably also impact glaucoma. People who do regular exercise have lower baseline IOPs. However, upon the cessation of exercise, values return to pretraining levels within 1 month. In healthy subjects, moderate exercise has been known to increase endothelial shear stress, which improves nitric oxide release and therefore has a positive impact on blood flow, for instance, in the coronary arteries (Niebauer, 1996) . OBF seems to be unchanged during exercise due to vascular autoregulation. This autoregulation fails at ocular perfusion pressures greater than 70% above baseline. Summarising, at this time, the consensus recommendations are that regular exercise is most likely beneficial in glaucoma patients and should be encouraged (Risner, 2009 ).
Ophthalmological therapies
Ophthalmologists today have a greater arsenal of drugs with IOP-lowering effects than ever before. The IOP-lowering effect of each medication is beyond the scope of this vascular approach to glaucoma and can be found elsewhere, particularly in the European Glaucoma Society guidelines (European Glaucoma Society, 2008) . We shall therefore focus instead on what is currently known about their non-IOP-related vascular impact on OBF. Carbonic anhydrase inhibitors act by specifically inhibiting the carbonic anhydrase-II isoform, which is concentrated in the ciliary body. This enzyme is responsible for producing bicarbonate, an important part of the aqueous humour, from the hydration of CO 2 . This carbonic anhydrase blockade thus leads not only to a decrease of aqueous humour production but also to an increase in CO 2 and a lower tissue pH. In vessels with autoregulatory mechanisms, these last two changes can lead to vasodilation. Carbonic anhydrase inhibitors have been found to increase OBF when compared with other treatments with similar IOP reduction. A recent meta-analysis concluded that patients receiving topical carbonic anhydrase inhibitor treatment had a higher PSV and EDV in the central retinal and short posterior ciliary arteries, while their calculated vascular RI was reduced . Increased blood flow velocities in both nasal and temporal short posterior ciliary arteries may improve blood flow in the ONH and possibly even the high-flow, low-resistance choroidal circulation. No statistically significant effects were seen in the ophthalmic artery. This improvement in blood flow has also been reported in retinal arteries, with dorzolamide accelerating the arteriovenous passage of fluorescein dye when compared with a beta-blocker . Topical carbonic anhydrase inhibitors may also play a role in retinal oxygenation because withdrawal of the drug leads to a decrease in arterial and venous saturation (Traustason, 2009 ). However, this class of drug is mostly used in association with other drugs, namely, beta-blockers. Studies comparing therapies combining beta-blockers with either carbonic anhydrase inhibitors or prostaglandins have shown that despite a similar lowering in IOP, patients taking carbonic anhydrase inhibitors/beta-blockers had a smaller RI in the retrobulbar vasculature (Siesky, 2006) (Januleviciene, 2009 ).
Systemic carbonic anhydrase inhibitors, such as acetazolamide, are not carbonic anhydrase-II specific and block both isoforms II and IV. Their ability to change vascular parameters is not only widely known but is clinically used in provocative tests to study cerebrovascular vasomotor reactivity. The cerebral vasodilatory effects of systemic carbonic anhydrase inhibitors are therefore well established and often utilised to test for vasodilative reserve potential. Unlike its topical counterparts, acetazolamide has also been reported to affect ophthalmic artery, decreasing RI (Dallinger, 1998) . No additional effect seems to exist by combining both topical and systemic carbonic anhydrase inhibitors. Interestingly, a recent basic research study has offered a new perspective on the use of carbonic anhidrase inhibitors in glaucoma. As previously stated, the mechanisms behind glaucoma may be related to vascular endothelial dysfunction and impairment of nitric oxide activity (see above). Carbonic anhydrase inhibition by dorzolamide and acetazolamide may increase the affinity of the carbonic anhydrase for another substrate besides bicarbonate, namely, nitrite, in a reaction that produces nitric oxide. This IOP-independent activity would not only decrease reactive oxygen species activity by consuming nitrite but probably replenish nitric oxide, allowing for better endothelial function (Aamand, 2009) . No multicentre, randomised study has reached a conclusion about the impact of these changes on glaucoma progression. Beta-blockers are among the most prescribed IOP-lowering therapies. They reduce IOP by decreasing aqueous humour production by approximately 30-50%. The exact mechanism involved in this inhibition is unknown, although the β2 receptors in the non-pigmented ciliary body epithelium are the most likely target. However, the beta-blockers clinically in use are not a uniform group, ranging from non-selective beta-blockers (timolol) to β1selective blockers (betaxolol) to non-selective beta-blockers with intrinsic sympathetic activity (carteolol). Because the non-selective beta-blockers could be associated with a vasoconstrictive effect, this impact on OBF has been extensively studied. A review on this potential effect concluded that neither primary open-angle nor normotensional glaucoma patients had a deleterious response to beta-blockers therapy in retinal, choroidal or retrobulbar vascular beds (Costa, 2003) . Few reports have focused on the impact of carteolol on blood flow. Its intrinsic sympathetic activity would theoretically prevent the negative impact of blocking vasodilation-related β2 receptors. A small study comparing timolol with carteolol, in which the IOP lowering was not significantly different, showed that the RI of the short posterior ciliary arteries was significantly lower in the carteolol group (Montanari, 2001) . Interestingly, a recent review has shown that the β1-selective blocker betaxolol has been associated with greater preservation of visual field defects when compared with other beta-blockers despite a smaller IOP reduction (Grieshaber, 2010) . It also seems to have a different effect on OBF. When compared with other non-selective beta-blockers, it has been shown to reduce the RI of the ophthalmic artery while increasing both central retinal artery RI and diameter (Evans, 1999) (Collignon, 1997) . One hypothesis about this probable non-IOP-related impact on visual field preservation is a positive impact on OBF because betaxolol has been demonstrated to have a calcium channel blocking activity (Grieshaber, 2010) . Prostaglandin analogues are a powerful tool in IOP-lowering therapy. Their activity on prostaglandin F receptors leads to an overall increase in the uveoscleral outflow of aqueous humour. As one of the most effective IOP-lowering agents, these drugs can improve ocular perfusion pressure by significantly decreasing IOP. Their direct impact on OBF in an IOPindependent manner is still controversial. As such, the majority of available data has shown a neutral effect on OBF by prostaglandin analogues therapy administration (Nicolela, 1996) (Liu, 2002) . However, there are some reports claiming that patients under prostaglandin analogues have an improvement in OBF, specifically at the level of the ONH (Ishii, 2001) . Endothelin-1-induced vasoconstriction was successfully prevented in vivo by PA, most likely by blocking ET-1-induced capacitative calcium entry (Kurashima, 2010) . Of the alpha-2 agonists used in clinical practice, the only one with relevance for chronic IOPlowering treatment in glaucoma is brimonidine. This drug is a potent alpha-adrenoceptor agonist that is 1000-fold more selective for the alpha-2 versus the alpha-1 adrenoceptor.
Other than the IOP-lowering effect, this drug has been touted as having a potential in neuroprotection (Krupin, 2011) . This first prospective clinical trial demonstrated that normotensional glaucoma patients showed a slower progression rate when treated with brimonidine when compared with their beta-blocker-treated, IOP-adjusted counterparts. This neuroprotective effect is, however, not likely related to changes in OBF. Despite its theoretic vasocontrictive properties, there seems to be no strong evidence on modulation, positive or negative, of OBF in either the retinal, or ONH vascular territories (Costa, 2003) . It m a y , h o w e v e r , l e a d t o d e c r e a s e d f l o w a n d increased resistance in the choroidal compartment, but further studies are warranted (Weigert, 2007) . Pilocarpine is a parasympathomimetic drug that stimulates the ciliary muscle contraction, which results in traction of the scleral spur, altering the configuration of the trabecular meshwork and leading to enhanced outflow and therefore reduced IOP. Its limited use in the clinical management of open angle glaucoma has also limited its study on the impact of OBF. The only study in glaucoma patients revealed no IOP-independent impact on blood flow (Claridge, 1993) . Glaucoma surgery has also been studied for OBF changes. Existing data on the subject is not only scarce but also conflicting. While some authors have described a neutral effect in retrobulbar and retinal artery flow velocities by trabeculectomy (Breusegem, 2010) (Cantor, 2001) , others have found increases in OBF (Berisha, 2005) . Different measuring techniques and different experimental designs have precluded definitive conclusions as to whether surgery can significantly improve OBF. To the best of our knowledge, no study so far has focused on OBF and glaucoma laser therapy.
Future research
Glaucoma specialists still debate the mechanisms that initiate and perpetuate optic neuropathy. The growing evidence for a background vascular dysfunction in primary open angle glaucoma is transforming the clinical approach to these patients. However, and despite the recognition of disturbances in OBF, little is known about the impact of correcting such imbalances. A question still remains as to whether these OBF changes represent the cause or rather the end result of impaired neuron metabolism. Studies so far have not been able to answer these complex issues. There are still no available population-based studies on OBF and no randomised, multi-centre studies on long-term follow-up. Current data is nevertheless encouraging, with reports claiming that improving OBF might slow disease progression. Advances in the tools to study OBF, such as magnetic resonance imaging, or a more widespread clinical use of already existing devices, such as Doppler OCT, will most likely allow for a more thorough analysis of the ocular vascular system. Importantly, efforts to increase the standardisation of procedures and methodology in OBF research centres worldwide might lead to a more effective and rational use of currently available data. The Association for Ocular Circulation (http://www.obfra.org) is currently addressing this problem by outlining consensus reports on the subject.
